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ABSTRACT

The Republic Aviation design concept for a microinch actuator has been
tested and proven to have definite merit. Several problem areas arose during
fabrication and testing of the device. Correction of these problem areas has
resulted in a functional microinch actuator. This report fully describes the
prpblem areas, their interactions and the corrective measures taken to make
the device a functional reality,
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SECTION 1

INTRODUCTION

This Final Report is presented upen completian of Ccmtract NAS 1-7018
issued by the Langley Research Center of the National Aercmautics and Space
Admmlstrat:lon.

In the first phase of this contract, the Republic Aviation Division of the
Fdirchild Hiller Corporation untertook to develop and manufacture three micro-
inch actuators, each actuator having the capability of:

° making displacements of one~half microinch (5 x 10"7 inches)
per step ‘
®  moving at a rate of 3 x 107 inches per second, and

o \ Working against an opposing force of 1000 grams (2.2 pounds)

The results of the work were reported in the Final Report NASA CR66626
entitled, "Development of a Microinch Actuator", by Mr. John M, Varga,
dated March 24, 1968.

An extension of this contract modified the requirements as follows:

aob s
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o minimum displacement of one-half microinch (5x10 inches)
+ 2, 5x10"7 inches with each individual step not varying more
' than #+ 10% of the commanded displacement.

l e s -

e " in order to initially position the modified actuator, it shall be
-able to move at a rate equal to or greater than 3x 10-4 inches

~ per second by varying the step size and/or step rate, e

e  the modified actuator shall be capable of working against an o
opposing force equal to or less than 5000 grams (11 pounds)
and,



° the cross sectional area shall be such that the actuatar s can be
mounted on three inch centers.

- Based upon prior experiance in the field of eleamro .
R@publm Aviation Division of the Fairohild Hiller Corporation appmached -mis e
problem by utilizing a piezoelectric "inching'' unit with successive clutches. The*
nature of the piezoelectric action results in small linear d1sp1acements, adequate
for,ce levels and moderate frequency response, all of which are ideal for the
spécial requirements to be satisfied by the microinch actuator., However, the small
displacements and their interactions require tolerance criteria and machining
techniques which severely push the state-of-the-art, The relationship of these
criteria and techniques to the practical design, fabrication and functionality of
the microinch actuator will be discussed in this report.




SECTION II

DEVICE CONFIGURATION AND OPERATION

The configuration of the microinch actuator, developed and manufactured -
under this contract, is illustrated in Figure 1. This illustration shows that the
device consists of four components which are: - two clutching units, an extender-
contractor unit and the housing unit. The clutch and the extender-contractor
units make use of the converse piezoelectric effect, i.e., a mechanical strain

(deformation per unit length) produced in a crystal or ceramic due to electrical
stress. Figures 2 and 3 are photographs of a disassembled and partially

assembled microactuator device.

The sequence of events to cause a linear displacement of the actuator is as

foliows and is illustrated in Figure 4.

1,

3.

4.

B

With no w ltage applied the clutches B and C exert a
compressive force on the walls of the microactuator
housing. The piezoelectric clutch stacks are in
compression due to a controlled interference fit
between the housing and the clutch faces.

Voltage applied to clutch B causes the unit to contract
to less than the unstressed distance between the
housing walls releasing the upper protion of the
extender~-contractor unit.

Voltage applied to A, the extender-contractor unit,
causes this element and clutch B to expand upward.
Voltage removed from clutch B locks that clutch in
its new position by 1 5

Voltage applied to clutch C releases the lower portion of
extender-contractor, A.



CLUTCH B

C

LOAD

S

CLUTCH C

r——
s sty i

Denotes epoxy interface

Figuré 1. Conceptual Configuration of the Microinch Actuator
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. Contractor Emande;d” *  Contracted = Contracted

Figure 4. Operational Sequence Schematic




6. - Voltage removed from A allowing it to return to its
original length which pulls the lower protion up to the
upper sectlon.

T, Voltage removed from. clutch C ca.u.%s it to lack
between the housing walls. The one-step extenswn :
> 5x 1077 inches has now been obtained between
the outer actuator housing and the center clutch
assembly..

. To obtain a contraction of the unit, the same voltages are applied in the
same polarity to the unit but starting with the release of clutch C, thus:

1. No voltage - unit locked in position
. Activate ar release clutch C

. Extend Unit A (downward)
Deactivate or apply clutch C
Activate clutch B

Unit A to normal length

Deactivate clutch B

qmm’:poow

- Since the voltage applied to the extender is relatively small (10,73 volts for
5x 10“7 inch displacement) an additional ""high speed' mode of operation is avail-
able on the actuator. By simply switching part or all of the clutch voltage onto the
ex‘éender—confractor, a larger step per pulse will be produced and the actuator
can traverse a larger distance per given times.

' Two individual control consoles were manufactured under this contract, one
havmg a variable voltage equivalent of 0. 0-20, 0 microinches per step and the second
havmg three different voltages corresping to 0. 50 1, 0 and 5,0 microinchea -
pex? step.



SECTION III
OPERATIONAL CHARACTERISTICS

- Under the original contract, three microactuator devices were constructed., These
devices were identical in construction as per the d_rawings in Final Report NASA
CR66626. All of the devices were capable of walking upon command and one device
could support up to three pounds wheh“the clutches were used in the eﬁéténdﬁx mode, o
However, the device was designed with the clutches in mechanical compression in

order to exert a mechanical force with no electrical power consumption. In the
compression mode, the devices could only support 100 to 500 grams before slippage
occurred. Device operation tended to be sporadic in nature. Consequeni_:ly, diagnostic
deﬂection data was taken with an operable actuator in order to determine the problem
areas,

The diagnostic instrumentation consisted of a Pratt & Whitney Opt-O-Limit
gage coupled to a magnetic amplifier and pen recorder. The sensitivity of the pen
recorder was varied by using a variable loadb resistance. The resolution of this
system is estimated to be better than 2 x 10"7 inches., A diagram of the various
positions where diagnostic deflection data was taken is shown in Figure 5. The
compilation of averaged deflection data is shown in Table 1. Representative
diagnostic traces are included in the Appendix. The scale factor for these traces is not
constant due to the variable load resistances used. Negative deflections in the top and
bottom clutches indicate movement into the housing., Negative deflections in the side
walls of the actuator housing indicates a drawing together of the walls. All readings
are in microinches. It should be noted that the deflection data for the top and bottom
clu}:ches are not equal, This is due to the elastomeric nature of the conductive epoxy
in the extender/contractor stack,

. Examination of the data shows that as the top clutch is released the invar canti-
levbr bows. This bowing (positive deflection on H, F,A, C, and negative deflection
on G and B) is probably due to the following reasons:

@)  The clutch is a cantilever whose rigidity restricts the clutch motion
where the cantiléver web joins the clutch faces, This type of action
- causes the clutch face to contact the housing wall in a line contact on
the end of the‘.a clutch face joining the cantilever web, Actuating the
device causes the clutch to rock around the line contact alternately
bowing in and out, This will be more fully discussed with the section
on interference fit, | |



B = BOI'TOM CLUTCH PRATT & WHITNEY OPT-O-LIMIT GAGE
G=TOPCLUTCH @ ACROMAG 190 D.C. AMPLIFIER
. BAUSCH & LOMB RECORDER

Figure 5. | Diagnostic Deflection Data Test Points
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b) Our latest experiments have let us to the conclusion that spurious
action of the clutches may well be due to a conductive epoxy cement
which was used to fabricate the clutch stacks, Refer to Figure 1.
This epoxy turned out to be elastomeric in nature which means that
it would be spondy, have a low spring constant and low shear
strength, We believe that this is the cause of the ihabﬂity to support
a load and the spurious clutch movements.

c) A contributing factor to the spurious clutch movement is that as the
piezoelectric stack contracts in the 33 axis (clutch working direction)
the stack expands in the 31 axis (clutch walking direction). This
action in the 31 direction becomes a contraction when the clutch is
put in the ""hold" position. This expansion and contraction is limited
to +5 microinches. This behaviour of the piezoelectric ceramic is
a design limiting criteria which must be reckoned within a redesign
of the device. Refer to Figure 2,

The data also shows that as the clutches are actuated, the microactuator
housing walls move in and out, The less deflection the side walls undergo on clutch
activation, the more the clutch face rises and the more the face extends when the
extender is actuated. The side walls do not return to their original position. The
housing used in these determinations were epoxied together using Hysol 1C.
Subsequent determinations showed that this epoxy sprung upon clutch release, It
should be noted that some movement of the housing walls is due to the fact that the
ho@sing web (tool sbéel pieces joined to the gage blocks) deform due to the tensile
force placed upon them by the clutches. This deformation is governed by the modulus
of elasticity of the tool steel, and the webs cross-sectional area, This topic will
be further explored later in this report.

. Examination of the data for G and B show that the deflections caused by the
apphcatmn of the 460 volts to the extender-contractor stack is in fair agreement
with the theoretical extension-contraction which is: 400 volts x 2,34x10™° inch/volt for
two slabs = 18,7 x 107
mches) are in evidence for each slab,

inches, Here again, small spurious movements (6-8 micro=

12



Two of the microactuator units wer: sent to Republic for test purposes. Of
these, one was operable and the othor was locked and inoperable. The operating
unit operated sporadically and was unable to support a load in excess of 100 grams.
T}xe inoperable actuator was freed and found to have a separated epoxy joint on
the extender-contractor and a rusted area on the bottom clutch-gage block
interface. The rusted area appears to have been caused by a fingefprirgt.*
Metallographic polishing of the gage block face revealed an etched condition,
which would require heavy grit polishing for its removal. Microscopic
examination of the clutches and gage blocks reveals horizontal indentations
in clutches and blocks caused by (1) running the ‘clutch past the housing
eﬁds, and (2) line bearing contact between clutch _facé and block. This examination
also showed deep scratches caused by dirt particles and one spot that looked
like an arc or spark crater. It is clearly evident that a device thatbpenabes
oﬁ such minimal clearance requires a cleanliness typical of quality optical
practices. The finished device should have electrical travel limiting switches,
common flexible bus ground, dust caps and be assembled with extreme care |

in cleanliness.

Microactuator housings using new standard hardened gage blocks for the
housing walls were assembled around each of the two clutches. The assembly
technique described in the following section was used. The clutch assembly
which was functional was able to walk in the new housing. The other clutch
assembly (the one which had been locked) was unable to walk in the new housing
after its extender-contractor was fixed. Room temperature fluctuations caused
the clutches to lock in the steel housing when the temperature rose and to
become looge in the housing when the témperature fell. The total temperature
excursion was only 2-3°Centigrade for these effects.

It became evident during the operation and testing of the device that the
deéign concept had worked and that a thorough detailed examination of the theory
and materials of construction and their interactions and behavwr was required
in order to make the devwe a truly functional reality.

Ll T L P

* Note fingerprint in photo on Fig. 2
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With this goal in mind, the system was rigorously tested, analyzed
and where possible re-synthesized to eliminate weaknesses., The dwcusmon ‘
will continue with a breakdawn of the actuator into its Qomponent parts, .
thelr design and usage.

14



 SECTIONIV
THE PIEZOELECTRIC CLUTCH

’I‘he unit aonsmts’ of piezoelectric ceramic stacks mounted in an i
cantﬂever spring. Each stack consists of six Clevite PZT-5H piezoelectric
ceramm slabs (0.300" x 0,375'" x 0. 060"). The sides of eaeh slab are silvered.

Electmcal hookup and mechanical assembly of the stacks was accomphshed by
use of copper foil cemented between the ceramic slabs with a conductive epoxy
cement, Dynaloy 325A and B, The ceramic is uséd in the compression mode,
whereby the load supporting force is accomplished by an interference fit between
the clutch faces and the housing gage blocks when there is no voltage applied ‘
to the stacks. Application of voltage to the stacks results in increased stack
coﬁlpression and clearance for clutch movement, The negative terminal of the
pOWer supply and the invar are connected to the ground. The positive pole of
thei{ piezoelectric slabs is connected to the ground. The ceramic pieces are
wired in parallel in order to provide the largest linear displacement with low
woi;'king voltages.

B. DESIGN CONSIDERATIONS

- This device works by making use of an interference fit to support a load.
Design data for the piezoelectric ceramic material, Clevite PZT-5H shows that
the maberial must not be compressively stressed in excess of 1500 pounds per square mch.k
The maximum allowable interference fit for this compressive stress must not
exceed a total of 33 microinches across each clutch, Since the piezoelectric .
ceramws are in parallel, the voltage across each ceramic piece must

loa,,_ upport, i.e., interfer@nce fu:.

15



C.. PARAMETERS AFFECTING OPERATIONAL BEHAVIOR

’I’h@ very nature of the @antilaver '

‘ movemem therafare, the true amount of clutch travel as a function of applied
voltage was determined experimentally and is shown in Figure 6. The data shows
tha:;t the invar cantilever spring restricts the movement of the clutch face edge
at its juncture with the invar web. This constraint byv the rigidity of the invar
amounts to approximately 50% of the expected clutch throw. It is this rigidity
and constraint of clutch motion that accounts forvthe line contact of the clutch
facé and the gage blocks and for the bowing of the cantilever spring resulting
in spurious clutch movements.

. During the devel opment of the device, the only method for fitting the
bousing to the clutch so that it could work consisted of putting the piezoelectric
clutches in compression with 300 volts and using the compressed clutches as a
jig,:' setting the housing gage blocks with an epoxy cement (Hysol 1C) to the
housing tool steel webs., The voltage had to be kept on the stacks overnight for
the epoxy to cure. An operating voltage of 400 volts was then used to provide
clearance for clutch travel. Many times the clutch was too loose in the housing
and could not operate. ;It should be noted that the differences in interference fit
at the line contact from 300 to 400 volts is a total of only 20 microinches, The
clutch stacks had to be electromechanically overstressed 200 to 300% in order
to provide this interference fit,

The functioning clutch assembly was undercut 0, 020" into the invar
‘spring just below the juncture with the clutch faces in order to provide:

16



120

o
o

o
O
T

TOTAL CLUTCH THROW (microinches)
¥ -4
1=
it

@ . . ez nL S e R WA S e -»Jn- . - s e .
9 . 100 - 200 300 400
= CLUTCH VOLTAGE (volts) ;
Figure 6. Total Clutch Throw as a Function of Clutch Voltage
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Deflection data in Fxgure 6 shows the available interference fit at the

ané its operatmn was sporadw in nature.

The technique for fitting the housing to the clutches was responsgible
foi- the compressive overstress., Ideally, since the clutches were precision lapped
pai'allel to within 5 microinches, a spacer stack of gage blocks should be used -
to fprovide an adequate interference fit with assured parallelity of ways. This
technique could not be made to work until the reason for its failure became known
dui#ing temperature testing of the clutches.

2.  Dimensional Changes in the Clutch

Dimensional changes in the clutch have been found to be due to:

° the elastomeric conductive epoxy used to cement
the piezoelectric stacks

° depolarization of the piezoelectric ceramic

° temperature changes and mismatch in the coefficients
of linear expansion of the device construction materials

; All of these reasons for dimensional changes will be discussed in this
section. '

a) Elastomerlc Conducnve E_Ipoxy Cement

A microactuator unit was made up of the undercut piezo-

for di‘stance of 1/8~in h' at only one loeatian within the housmg. 1 It was

e
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suspected that the microactuator clutches were not identical in dimensions and
therefore the ways had a slight angle to each other. Advancing the unit into the
angle apex caused the unit to lock and withdrawing the unit from the apex caused
thé outer clutch to disengage the gage blocks.

Using a stack of gage blocks as a means of obtaining parallelity
of Ways with a constant dimension, the ways weve set at the dimension of the
top clutch of the undercut clutch assembly. When the epoxy cured, the top clutch
fitted the web assembly snugly, the bottom clutch would not enter the assembly,
Cdns’equently, it was decided to accurately measure the distance across the _
clutch faces as a function of temper ature. Using an oven that could controlr .
temperature to + 0.2°C the clutches were heated and equilibrated at various
temperatures above room temperature, The clutch was removed from the oven
and placed under the Opt-O-Limit gage. In this way, the dimensions across
© the clutch faces for both the undercut clutch assembly and the untouched
* clutch assembly were determined as a function of temperature, The curves are
shown in Figure 7, They show that the top clutch of the undercut clutch assembly
is approximately 50 microinches smaller than the bottom clutch of the same
assembly. The untouched assembly ha.é approximately 150 microinches
- difference.

These differences occurred on both clutch assemblies and one
fact concerning the assemblies immediately became apparent. It is that:

® The two clutch assemblies were once lapped
so that opposite clutch faces were parallel v/
to within one second of arc (0. 000005 inches per
inch length) and both clutches on each separate
assembly were identical in dimension. The
one clutch assembly that has ever worked wasg
the one that had the smallest difference in
dimensions. This unit was undercut to allow
more linear displacement when activated. The

19
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Figure 7, The Effect of Temperature on Piezoelectric Clutch Width
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other unit was used as a backup control and
therefore was not modified. Apparently,
d1menslonal changes have tak:en place in both
clutches. .

These dimensional changes could have been caused by:

° The uneven flexing of the clutch faces due to the
rigidity of the invar cantilever spring,
and/or

° uneven flexure in the piezoelectric ceramic
stacks
and/or

° that the clutches had not been electrically cycled
sufficiently to an equilibrium state prior to
precision lapping
and/or

° the conductive epoxy used to cement the
piezoelectric clutch stacks was changing

dimensions,

Experimental data supported the conclusmn that this latter factor
appears to be the case.

Subsequenﬂy, the undercut clutch assembly was precision lapped so that
1ts opposwe faces were parallel to within 10 microinches, a surface finish of
2 microinches r.m, s. and with the dimension across the clutch faces some
m@zltiple of 25 microinches, Gage blocks are only available to some multiple of
25; microinches, i.e., 0.100025, 0,100050, 0.100075, and 0,100000 inches.
The microactuator was reassembled using the gage blocks as interference fit and
pai'allelity spacers. The interference fit was selected so that no more than 180
,volts was placed across the clutch, The microactuator unit walked for 250, 000 cycles
' bachvards and forwards'; over 1/4 inch travel. The unit would not support a load
and careful d1mensloning of the clutches and the housing in relation to the original

21



gage block spaces showed that the dimension of the clutches across the faces tends
to take the set of the housing., Clearly, we have controlled in large part, the
sporadic operation of the microactuator device and with this control should come
the control of the load support ability. It should be noted, that with the revised
technique Hr the fitting of the housing to the clutch, the clutch has not dropped

out of the housing when the room temperature changed.

1t was at the suggestion of the NASA Teéhnicai bexitor
that we contacted the General Electric Company regarding piezoelectric ceramic
stability. The General Electric investigators had found that their stability problems
were due to the eopxy cement used to bind the piezoelectric ceramics together in a
stack, As a consequence of this discussion we contact the manufacturer of the
epoxy (Dynaloy, Inc.) and found that the material used to fabricate the clutch stacks
(Dynaloy 325 A&B) was an elastomeric material, The manufacturer could not
supply us with any ehgineering data concernihg this material but they did suggest
the use of a different catalyst that would provide a rigid bond. '

Elastomeric materials are spongy in nature and would be assumed
to have a very low spring constant. Essentially, the microactuator clutch is
composed of metal, piezoelectric ceramic and the epoxy material. The metal
and ceramic have much higher spi'ing constants than would be expected from
elaétomers, therefore, we have a situation of three materials in series one of
which could have a low spring constant. The linear displacement caused by
the piezoelectric material could be absorbed by the elastomer with little or no
forice transmitted to the housing walls. This factor could very well be the cause
of poor load support by the microactuator units.

_ The microactuator clutch that had never functioned was taken apart
after softening the conductive epoxy with a solvent. Examination of the silvered
facés of the ceramics and the copper shim showed that they were cross hatched with
a sécsalpel in order to provide pockets to trap and confine the conductive epoxy within
thd layers. The setting of the micro-ridges of this cross hatching on top of one
anc;sther with the conductiyé epoxy as a sandwich accounted for 0. 030 inches in a
total of 0,403 inches. » E;.ch piezoelectric ceramic stack contained 30 mils of

22



sné_lall spring constant conductive epoxy and micro-surface contact area moderate

elasﬁc modulus, coppér. The clutches have been rebuilt with a more rigid 4
adhesxve and nickel shims. Across the new clutch stacks, in the adhesme mterfa»ees,
‘there is less than one mil of adhesive, When the clt

the clutch faces are precisixm lapped aceerdmg to spe«cif cal
this unit will support a load and will operate rel:iably, ‘

b. Piezoelectric Depolarization Phenomena

The piezoelectric ceramic manufacturer, Clevite, was contacted and
several technical discussions were had with their engineering personnel, The
substance of these discussions were as follows:

The piezoelectric ceramic PZT-5H used in the clutch is a low coercivity
material. This means that it is easily polarized and depolarized. Recommended’
voliage for use with this material is 3 volts per mil thickness or 180 volts per
60 :mil slab, We have been restricted to the use of high voltages, 300 volts for
setting the microactuator housing- and 400 volts for oper ation, by the rigidity of
the invar cantilever spring assembly and the dimension discrepancies in the clutch
fac?s. These high voltages are used with the polarity reversed from that placed on
the ceramic when it was poled. Such usage results in depolarization with attendant
dimensional contraction. This dimensional change from fully polarized to depolarized
state is -0.2% or 120 microinches per 60 mil ceramic. With twelve ceramics in
series, a total contraction of 1440 microinches could result from complete de-
polérization. Depolarization can also occur if the piezoelectric material is
mechanically compressed. It is felt that partial depolarization is reg onsible
for the scatter in the dimensioning data and also responsible in part for the resultant
loogening of fit after the microactuator has been operated.

T:* ”e eontml of depolarization of the piezoelectric ceramie ia being

aﬁected by:

23



@ - the fix for the cantilever constraint. The undercut invar spring
allows the clutch to affect the same displacement with less
voltage.

us to use wrung gage block staeks as controlled interfereuce L
fit and parallelity spacers.

° the interference fit can be selected so that no more than 180
volts will be placed across the piezoelectric clutch stack

° the mechanical compression in the clutch stacks will be kept

to a minimum commensurate with operational reliability.

c.  Temperature Dependence

‘ The sporadic nature of the operation of the microactuator device was
originally - traced to fluctuations in room temperature. The clutches had a
tendency to drop out of the housings while standing in an upright position overnight.,
As a consequence of this, extensive investigations were done on the coefficients
of linear expansion of the materials of construction and the determinations of
d ﬁtch dimensioning across the faces as a function of temperature. This work
unfcovered the difference in dimensions between the top and bottom clutches on the
same unit.

} Correction of this discrepancy by precision lapping enabled us to cycle .
the clutch 250, 000 times, correct some sporad1c1ty, use the gage blocks techmque
for setting the housing and discover that the clutch takes a set. After the lapping
opér ations, the clutch did not drop out of the housing. Apparently, the clutch
drop was due to the non—parallehty d the housing ways. A dmc:ussion cf the v
tempcrature dependeme studies follows. . . ..
L Exammation of the matemals of comtruatian of the deviee revealed
that there was a mismatch in the coefficients of linear expansion (invar ~1,6
migroinahes/mch/"(t)and the housing material (steel - 15 microinches/inch/°C).
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Consequently, it was felt that lowering the temperature of the device would cause
the housing to shrink f1t the clutch and thereby restore nperabihw and the ’ab lity

of lmear expa.nsmn than the steel

Chemical and physical analyses of the invar used in the clutch show
it to be of good grade for thermal stability applications. Chemical analyses
check those of the supplier as follows: :

Element Monroe Forgings Inc, Republic
% %
B 36.14 36.45
c 0. 05 0.05
Mn 0,48 0.46

Exlf)erimental determination of the coefficient of linear expansion of the invar shows
‘it to be 1.9 microinches/inch/°C.

Coefficient of expansion measurements on the finished clutches showed

them to expand approximately 25 microinches/inch/°C. Measurements on the
Clev:tte PZT-5H material as received from the vendor showed it to contract 44
miéroinches/ inch/°C when heated. In order to clarify the observed anomaly,
a téle‘phone conversation was held with the Research Division of Clevite Corporation, .
The;rmal expansion data for PZT-5H has not been determined. However, the
daté can be approximated in the following manner. The expansion data for poled
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Curie Point (°C)

PZT-5A 365
PZT-5H | 193

Diterescse | om0

Thepmal Bxpansion Coaffialent fa % 10°/*0
Poled PZT~5A

°C First Heating Subsequent Heatings
L %3 %3
0 +2 +4
50 +2 +4
100 -6 +3
150 -7 +1
200 -7 ~1.6
250 ~6 -4, 2

The approximated data for PZT-5H at room temperature should be the
PZ'T—5A data at 192°C which shows the o 3 coefficient to be negative and to be very
much dependent upon an initial heat treatement, The two microactuator clutches
were heat conditioned at 50°C for one hour and have been tested for piezoelectric
and temperature expansion effects. The piezoelectric constant d33 remains
unchanged (593 x 10—12 meters/volt). The expansion across the clutch faces
approxima tes 25 microinches/inch/°C. Telephone conversations have been held
with the Clevite Research Division in regards to the differences in our experimental
findings and their extrapolations in order to impress upon them the importance
of i'eliable expansion data. Further investigations into the matching of expansion
coefficients awaits the outcome of the conductive epoxy fix on the clutch assembly.,
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SECTION V

TﬂE MICROACTUATOR HOUSING

: 'I‘he microacwator hcsusmg m construetad from two § .
gage blocks which are cemented to two tool steel web blacks. , The mﬁmeleatria

- clutch faces mate with the ground and polished gage block faces. The force :
exgarted by the clutch against the gage block face places the tool steel webs in
teﬁsion. The controlled interference fit between the two opposite gage blocks

and the opposing clutch faces govern the amount of load support the unit

can sustain,

The rectangular gage blocks are an inexpensive way of obtaining a
stra1ght high surface finish (2 microinches r.m.s), hard bearing surfage. These
gage blocks measure 0.550000" x 0,357" x 1,380", The distance, 0. 550000"
(68°F) between the ground and polished surfaces is kept within a tolerance of ©

mmroinches. The coefficient of linear expansion of the blocks is 6.4 microinches :
pei' inch per °F. Blocks are available in many sizes and can be wrung together to
fofm thousands of combinations, all of which are some multiple of 25 microinches.
Thé basic building blocks for microinch dimensioning differ from each other by

25 microinches, i.e., 0.100025", 0,100050", 0,100075", and 0,100100',

The tool steel webs‘are made of A-1 tool steel. Its nominal coefficient of
linéar expangion approximates 10 microinches per inch per °F. The webs -«
were originally 1/8" thick, They have been thickened to 3/8" thickness in order
to minimize the elongation due to the tensile forces. A sample calculation of the
elgonation is as follows:

(1) the normal force acting agamst the gage blocks m order to support
. a laad of 30 pounc s weuld be ?0 pmmda L .

) ‘{;ﬁ‘ithe tensil@ force in each web ac’cmg against a cross-»sectwnal
 areaof 1/8"x 1-3/16" (0.15 i ) is 35 pounds. The modulus
of elasticity of the steel is 30 x 106 pounds per square inch
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force per unit area

modulus of elasticity = elongatlon per u:nit length

 clongation per unit length =

_ 233.3 -6, /.
= s 7 x 10 in/in

Sd we see that this microactuator web will elongate 7 microinches when the clutch
(lf' across) exerts this force (70 pounds). There will be a trade-off of allowable
elongation versus the increase in weight. Since the cantilever constraint in the
ox{iginal clutch limited the interference fit to 20 microinches, this elongation
accounts for 33% reduction in interference fit. The cross-sectional area of the
web was increased threefold in order to decrease this loss to 11%.

Two different methods of joining the webs to the gage blocks were tried.
Since the gage blocks are hardened steel the only practical way for drilling holes
foi' pinning was by use of an Elox machine. This method was tried and discarded
be;cause the holes tended to walk while being lapped for the pin,

The other méthod, use of an epoxy adhesive, proved successful only
afﬁer certain pitfalls were circumvented. The original method for joining the
wébs to the gage blocks made use of the epoxy cement, Hysol 1C, This cement
was found to glve due to tle high shear stresses placed upon it when the 300 volts,

hands and the heat from the apoxy increased the dimenmons from 100«200 microinches.
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It Should be noted also here that engineering data on adhesives is virtually non-existent,
Currently, we use a hard, tough epoxy cement that does not have the drawbacks

of the Hysol 1C, The housings made with this cement have kept their dimensions

in the millionths of an inch place and their parallelity for over 500, 000 clutch

cycles. '

The effect of temperature changes on the functioning of the microactuator
device await the outcome of the fix on the epoxy cement used to form the piezoelectric
ceramic stacks, Ideally, the coefficients of linear expansion of the microactuator
housing web material should match as close as possible the coefficient of linear
expansion of the piezoelectric ceramic material. '
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SECTION VI

CONCLUSIONS

. The Republic Aviation Division design concept for the micr as
been proven to have definite merit. The nature o:f tha pwmalec i?}«ic: action rea '
in linear displaceme nts a,dJus’cable from 5 x 10~ mches to 20 x 10 -6 mches, |
adequate force levels and a frequency response of one kilocycle have proven ideal
foi' the special requirements to be satisfied by the microinch actuator. However,
with any device whose design and fabrication push the state-of-the-art, problem
areas tend to arise which require solution before the instrument becomes a

functional, reliable, reality.

These problem areas manifested themselves as anomalies in device
op;eration, specifically, sporadic operation, temperature dependence, spurious
movements and the inability to support a load. The solution of the problem of a
sporadic operation and temperature dependence was effected in part by undercutting
the cantilever web on the piezoelectric clutch, precision relapping of the clutch
faces assuring parallelity, the use of the gage block technique for fitting the
housing to the piezoelectric clutch with a controlled interference fit and assured
parallelity of ways and by depolarization control of the piezoelectric ceramics.

- The remaining problem area, spurious movement and inability to support a
load should be corrected by the rebuilding of the piezoelectric clutches with a high
stfength non-elastomeric epoxy cement. The use of this cement on the micro-
actuator housing has resulted in a perfect housing which has not changed dimensions in
500, 000 clutch cycles. Indeed, because of these fixes, the microinch actuator

haé successfully . walked over a one-quarter inch length in forward and reverse
d1rections for 250 000 cycles. It should be noted that a precision eptlcs device
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SECTION VII

FUTURE WORK

Tha efforts of tha Republm Aviation Biwmsm en them
been rewardmg insofar as these efforts have 1denf;ifwﬁ and corrected th
anomalies in the microinch actuator device. However, they have also revealed
some minor design deficiencies. The correction of these deficiencies coupled with.
a.n understanding of possible problem areas peculiar to aerospace usage, should
result in an aerospace qualified device. The Republic Aviation Division will submit
aﬁ unsolicited proposal for a redesign contract for an aerospace qualified micro=
inch actuator device to National Aeronautics and Space Administration, Langley
Research Center. . |
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